The present study builds upon the seminal work of Engel and West [2005, Journal of Political Economy 113, 485-517] and in particular on the relationship between exchange rates and fundamentals. The paper discusses the well-known puzzle that fundamental variables such as money supplies, interest rates, outputs etc. provide help in predicting changes in floating exchange rates. It also tests the theoretical result of Engel and West (2005) that in a rational expectations present-value model, the asset price manifests near-random walk behaviour if the fundamentals are I(1) and the factor for discounting future fundamentals is near one. The study explores the direction and nature of causal interdependencies and cross-correlations among the most widely traded currencies in the world, their country-specific fundamentals and their US-differentials. A new VAR/VECM-GARCH multivariate filtering approach is implemented, whilst linear and nonlinear non-causality is tested on the time series. In addition to pairwise causality testing, several different groupings of variables are explored. The methodology is extensively tested and validated on simulated and empirical data. The implication is that although exchange rates and fundamentals appear to be linked in a way that is broadly consistent with asset-pricing models, there is no indication of a prevailing causal behaviour from fundamentals to exchange rates or vice-versa. When nonlinear effects are accounted for, the evidence implies that the pattern of leads and lags changes over time. These results may influence the greater predictability of currency markets. Overall, fundamentals may be important determinants of FX rates, however there may be some other unobservable variables driving the currency rates that current assetpricing models have not yet captured.
INTRODUCTION
In their seminal work Engel and West (2005) deal with the long-standing puzzle in international economics, i.e., the difficulty of linking floating exchange rates to macroeconomic fundamentals. It might well be that the exchange rate is determined by such fundamental variables, but in many occasions FX rates are in fact well approximated as random walks. Meese and Rogoff (1983a, 1983b) first established the result that fundamental variables do not help predict future changes in exchange rates. They evaluated the out-of-sample behaviour of several models of exchange rates, using data from the 1970s. They found that forecast accuracy generally increased when the assumption of unchanged exchange rate was employed, compared to the predictions from the exchange rate models. While a large number of studies have subsequently claimed to find success for various versions of fundamentals-based models, sometimes at longer horizons and over different time periods, the success of these models has not proved to be robust. Cheung et al. (2002) show that no particular model/specification is very successful and conclude that it may be that one model will do well for one exchange rate, and not for another. Engel and West (2005) show analytically that in a rational expectations present-value model, an asset price manifests near-random walk behaviour if fundamentals are ( ) I 1 and the factor for discounting future fundamentals is near one. They also argue that the data do exhibit a related link suggested by standard models and that the exchange rates help predict fundamentals. The implication is that exchange rates and fundamentals are linked in a way that is broadly consistent with asset-pricing models of the exchange rate.
The present study builds upon the seminal work of Engel and West (2005) , and in particular on the relationship between exchange rates and fundamentals. In this paper a new line of attack is taken on the question of linear and nonlinear causality and co-movement between FX rates and fundamentals. The conventional class of asset-pricing models of Engel and West (2005) is utilized, in which the exchange rate is the expected present discounted value of a linear combination of observable fundamentals and unobservable shocks. Linear driving processes are posited for fundamentals and shocks. In their work Engel and West (2005) present a theorem concerning the behaviour of an asset price determined in a present-value model. They show that in the class of present-value models, asset prices will follow a process arbitrarily close to a random walk if at least one forcing variable has a unit autoregressive root and the discount factor is near unity. So, in the limit, as the discount factor approaches unity, the change of the asset price in time t will be uncorrelated with information known at time t-1. Hence, as the discount factor approaches unity the model puts relatively more weight on fundamentals far into the future in order to estimate the asset price. Transitory shocks in the fundamentals become less important than the permanent components. As the discount factor approaches one, the variance of the change of the discounted sum of the random walk component approaches infinity, whereas the variance of the change of the stationary component approaches a constant. Whether a discount factor of 0.9 or 0.99 is required to deliver a process statistically indistinguishable from a random walk depends on the sample size used to test for random walk behaviour and the entire set of model parameters. Engel and West (2005) present some correlations calculated analytically in a simple stylized model. This study begins by presenting correlations estimated from simulations based on the simple stylized model of Engel and West (2005) . A simple univariate process for fundamentals is assumed, with parameters chosen to reflect data from recent floating periods and discount factors from 0.5 to 0.95, the latter of which suffice to yield near-zero correlations between the period t and t-1. An attempt is made to verify the theoretical conclusion of Engel and West (2005) that large discount factors account for random walk behaviour in exchange rates.
Moreover, the important question of model validation arises from the FX rate unpredictability implied by the random walk behaviour of the present-value models. Surely much of the short-term fluctuation in FX rates is driven by changes in expectations about the future.
Assuming that the models are good approximations and that expectations reflect information about future fundamentals, the exchange rate changes will be useful in forecasting these fundamentals. In other words, exchange rates Granger-cause the fundamentals. Engel and West (2005) find a unidirectional Granger causality from exchange rates to fundamentals and a far weaker causality from fundamentals to exchange rates. Overall, the statistical significance of the predictability is not uniform and suggests a link between exchange rates and fundamentals that perhaps is modest in comparison with the links among other economic variables. In this study the validity of Engel and West (2005) results is investigated as well as implications are discussed of a possible unidirectional causality running from exchange rate to fundamentals and vice-versa, or of a dynamic bi-directional causality. The plausibility of their conclusions is explored also in terms of cointegration detection and application of nonlinear forecasting models (Taylor et al., 2001; Kilian and Taylor 2003) . Evidence is provided in the literature of forecasting changes in exchange rates at longer horizons using nonlinear methods. MacDonald and Taylor (1994) , Chinn and Meese (1995) and Mark (1995) have all reported success in forecasting FX rates at longer horizons imposing long-run restrictions from monetary models. Groen (2000) and Mark and Sul (2001) find greater success using panel methods. Kilian and Taylor (2003) suggest that models which incorporate nonlinear mean reversion can improve the forecasting accuracy of fundamentals models, though it proved difficult to detect the improvement in out-of-sample forecasting exercises. Thus, it seems natural to pursue the question of whether exchange rates can forecast fundamentals. This paper investigates the validity of the results in Engel and West (2005) also in the direction of possible forecasting applications.
In regard to causality detection, the Granger test (Granger, 1969 ) is used as a benchmark in the literature. Basically, it assumes a parametric linear, time series model for the conditional mean.
However, this test is sensitive only to causality in the conditional mean while covariables may influence the conditional distribution of the time series in nonlinear ways. Baek and Brock (1992) noted that parametric linear Granger causality tests have low power against certain nonlinear alternatives. In view of this, nonparametric techniques have been applied with success because they place direct emphasis on prediction without imposing a linear functional form. The test by Hiemstra and Jones (1994) which is a modified version of the Baek and Brock (1992) test is regarded as a test for a nonlinear dynamic causal relationship. This test is employed in the present project in order to detect the direction and nature of causalities between exchange rates and fundamentals.
The research methodology in this paper incorporates theoretical implications, extensive simulations and empirical applications. Based on the simple stylized model of Engel and West (2005) and via Monte Carlo simulations, the correlation structure between fundamentals and exchange rates for various discount factors is revealed. First, an attempt is made to confirm the theoretical conclusion of Engel and West (2005) that large discount factors lead to random walk behaviour in exchange rates. Then, the direction and nature of causalities (linear or nonlinear) among the different exchange rates is investigated using levels, returns and a second-moments measure (conditional volatility), both on the simulation-driven and empirical time series. The empirical study examines the most liquid and widely traded currencies in the world (also known as "FX majors") as well as the outdated German mark. Many country-specific fundamental drivers are explored including money, consumer price index, interest rate, industrial production etc., as well as their differentials with the US.
The rest of the paper is organized as follows. Section 2 briefly reviews the linear Granger causality framework and provides a description of the nonparametric test for nonlinear causality.
Section 3 presents a new multivariate VAR/VECM-GARCH filtering approach for causality detection. In section 4, extensive Monte Carlo simulations are presented based on the stylized model of Engel and West (2005) . Section 5 describes the data and section 6 presents the empirical results. Finally, section 7 summarizes and concludes.
CAUSALITY TESTING
In this study linear and nonlinear causality detection is performed via the Granger test and the modified Baek-Brock (1992) test, respectively. The conventional approach of causality testing is based on the Granger test (Granger, 1969) , which assumes a parametric, linear model for the conditional mean. This specification is simple and appealing as the test is reduced to determining whether the lags of one examined variable enter into the equation of the other, albeit it requires the linearity assumption. In this setup, vector autoregressive residuals are sensitive only to causality in the conditional mean while co-variables may affect the conditional distribution in nonlinear patterns. Baek and Brock (1992) noted that the parametric linear Granger causality test has low power against certain nonlinear alternatives or higher moments. As a result, nonparametric causality tests have been proposed in the literature directly emphasizing on prediction without imposing a linear functional form. Hiemstra and Jones (1994) proposed a modified Baek-Brock test. It is a causality-in-probability test for nonlinear dynamic relationship which is applied to the residuals of vector autoregressions and it is based on the conditional correlation integrals of lead-lag vectors of the variables. This test relaxes Baek and Brock's assumption of i.i.d time series and instead allows each series to display weak (or short-term) temporal dependence. It can detect the nonlinear causal relationship between variables by testing whether past values influence present and future values. In what follows, the two causality tests are formally described.
Granger causality test
The linear Granger causality test (Granger, 1969) 
where s Φ is the × ℓ ℓ parameter matrix and t ε the residual vector, for which ( ) Model-VECM) is estimated using the methodology developed by Engle and Granger (1987) and expanded by Johansen (1988) and Johansen and Juselius (1990) . The bivariate VECM model has the following form 
where 
Denoting the m -length lead vector of
, for t ∈ Z , the claim made by Hiemstra and Jones (1994) is that the null hypothesis given in Eq. (4) implies for all
For the time series of realizations { } 
Thus, Eq. (5) can be formulated as
Using correlation-integral estimators and under the assumptions that { } t x and { } t y are strictly stationary, weakly dependent and satisfy the mixing conditions of Denker and Keller (1983) , Hiemstra and Jones (1994) showed that ( ) 
x y m L L σ ε as given in an appendix. One-sided critical values are used based on this asymptotic result, rejecting when the observed value of the test statistic in Eq. (8) is too large.
VAR/VECM-GARCH FILTERING
This study presents a multi-step methodology for examining dynamic relationships between exchange rates and fundamentals as well as among exchange rates. Initially, the nonlinear and linear dynamic linkages are explored through the application of the nonparametric nonlinear test, and the Granger causality test after controlling for cointegration. Then, after filtering the series using the properly specified VAR or VECM model, the residuals are examined by the modified Baek-Brock test. In addition to applying the usual bivariate VAR or VECM model to each pair of time series, residuals of a full-variate model are also considered to account for the possible effects of the other variables. In this way any remaining causality is strictly nonlinear in nature, as the VAR or VECM model has already purged the residuals of linear dependence.
Finally, in the last step, the null hypothesis of nonlinear non-causality is investigated after controlling for conditional heteroskedasticity in the data using a multivariate GARCH-BEKK model again both in a bivariate and in a full model representation. Thus, the short-run movements are accounted for and the volatility persistence mechanism is captured.
The use of the nonlinear test on filtered data with a multivariate GARCH model enables to determine whether the utilized model is sufficient to describe the relationship among the series.
Consequently, the statistical evidence of nonlinear Granger causality would be strongly reduced when the appropriate multivariate GARCH model is fitted to the raw or linearly filtered data.
However, failure to accept the no-causality hypothesis may also constitute evidence that the selected multivariate GARCH model is mispecified 1 . In general, many GARCH models can be used for second-moment filtering. The present study employs the GARCH-BEKK model. 
MONTE CARLO SIMULATIONS
Let t s be the asset price expressed as a discounted sum of current and expected future fundamentals. The examined asset-pricing model is of the form
where t x is the 1 n × vector of fundamentals, b is a discount factor, and 1 a and 2 a are 1 n × vectors. Campbell and Shiller (1987) and West (1988) In this study the correlation structure of exchange rates and fundamentals is estimated from simulations based on the simple stylized model of Engel and West (2005) . A simple univariate process for fundamentals is assumed, with parameters chosen to reflect data from recent floating periods and discount factors from 0.5 to 0.95, the latter of which suffice to yield near-zero correlations between the periods t-1 and t. Overall, an attempt is made to simulatively verify the theoretical conclusion of Engel and West (2005) that large discount factors account for random walk behaviour in exchange rates. The results of simulations are depicted in Tables 1-3. The model used is a simplified version of Eq. (10), i.e., observations are simulated with j =5000 forward steps to the future. Thus, in total a path of 6500 observations is produced. Next, the first burn-out 500 points are discarded. 
the autocorrelations in columns 4-6 and the cross correlations in columns 7-9 are significant, whereas for 0.9 b = , they are dramatically smaller. Finally, from rows 10-13 it can be inferred that if the unit root in t x is replaced by an autoregressive root of 0.9 or higher, the autocorrelations and cross-correlations of ). The causality analysis is conducted at the 5% and 1% significance level and it involves the utilization of three paradigms, namely between the simulated currency and fundamentals series, between two different currency series as well as two different FX series with the same fundamentals driver. The case of cointegration is also investigated via the Johansen trace statistic in order to use the right specification for the Granger causality testing, i.e., VAR or VECM. Also, the second-moment filtering is conducted via a GARCH-BEKK model. The results are presented in Tables 4-6 . The mode, mean and median of the correlations are presented. In all cases the GARCH filtering on the VAR/VECM residuals purges all linkages between the examined series. The numbers presented for causality results are the percentages of the Granger-caused series detected. It appears that cointegration results vary among the investigated paradigms. The case of two different FX series presents the lowest percentages, whereas the Granger-causality investigation reveals a unidirectional causality link from fundamentals to FX series. This corroborates with the theoretical and empirical result of Engel and West (2005) . In the other two cases the causality results are qualitatively similar for both directions, while the percentage detected is higher in case of the two different FX series with the same fundamentals driver. These results on the simulated series will be juxtaposed with the empirical results in section 6.
Finally, a forecasting exercise is conducted with various asset-pricing autoregressive models using the data generating processes produced by the simulations ( Table 7 ). The three-step filtering methodology for examining dynamic relationships is implemented in each step of the causality estimation via a rolling window for the out-of-sample forecasting exercise. Specifically, four AR (1) . Also, the mode, mean and median is reported. The best out-ofsample performance is indicated for the AR(1) specification employing a lagged fundamental and an FX series with the same fundamental driver. The worst was observed for the AR (1) specification with the lagged variable being the fundamental series, while the other models yield similar results with their predictability being close to the one of the benchmark.
DATA
The data comprises monthly foreign exchange rates denoted relative to United States Additionally, an asterisk used as superscript denotes the corresponding measure of fundamentals in the United States relative to the country-specific, i.e., the symbol (*) denotes the non-US value in the differentials. The differentials are ( )
Correlations and causalities are investigated on the ∆ (differentials). Overall, the examined period is in levels 4/1986-7/2008, while for the Euro it spans 1/1999-7/2008.
EMPIRICAL RESULTS
In this section, the implications of the asset-pricing models of Engel and West (2005) are empirically investigated, as well as the hypothesis that asset price might help to predict the fundamentals or vice-versa is tested. The causal relationships between the FX rates and the five measures of fundamentals are investigated. As in Engel and West (2005) , many autoregressive specifications are utilized, e.g., pairwise, tri-variate, four-variate as well as the full systems of variables (5x5). Additionally, the empirical results are juxtaposed with the Monte Carlo simulations. The statistical significance is presented at the 5% (*) and 1% (**) levels. The lag lengths of VECM/VAR specification are investigated and set using the SIC and Wald exclusion criterion and the cointegrating vectors using the Johansen trace statistic (Johansen, 1991) . In their work Engel and West (2005) concluded that it will probably not do great violence to assume lack of cointegration and so they used for all VAR models four lags 2 . Instead, in this paper cointegration tests were conducted between the exchange rate and each of the fundamentals differentials in all specifications. The number of lags identified and the cointegrating vectors are presented in parenthesis as (lags, coint. vectors) . For testing reasons linear Granger causality was further investigated on the VAR/VECM and GARCH residuals, but it was no longer detected. The nonlinear causality is investigated with the modified Baek-Brock test and the number of lags used
. The second moment filtering is performed with a GARCH-BEKK (1,1) model.
The results for all examined multivariate specifications are depicted in Tables 8-21 . For the pairwise investigation, the variables included in the VAR/VECM model are This indicates that the nonlinear causality is largely due to simple volatility effects. Some that the appropriate measure of the money supply has permanently changed because of numerous financial innovations over the sample, so that the money supply series varies from the "true" money supply by some I(1) errors.
remaining nonlinear causalities imply that FX rates may exhibit statistically significant higherorder moments or that other multivariate GARCH models could capture the transmission mechanism of the volatility shocks more efficiently. There is no consistent evidence that causality runs from the fundamentals to the exchange rates. In total, the evidence is not conclusive that there exists a prevailing direction in the examined causalities. Again, linear and nonlinear links differ significantly whilst multivariate GARCH filtering purged most of the nonlinear interdependencies. The evidence is far from overwhelming, but overall there does not appear to be a link from FX rates to fundamentals going in the direction that FX rates help forecast fundamentals, as advocated by Engel and West (2005) .
CONCLUSIONS
Engel and West (2005) argued that when standard exchange rate models are plausibly calibrated, they have the property that the FX rates should nearly follow a random walk. Evidence that the exchange rate change is not predictable is an implication of the models, albeit observing that FX rates follow random walks is not a very complete validation of the models. Another possible explanation of the random walk behaviour of exchange rates could be that they are dominated by unobservable shocks which are well approximated by random walks. The fundamentals may not be important determinants of FX rates, and instead there may be some other variable that models have not captured or that is unobserved that drives the currency rates. Campbell and Shiller (1987) The results of this paper provide some counterbalance to the suitability -especially in the short run -of rational expectations present-value models of currency rates that became predominant since Meese and Rogoff (1983a, 1983b) . Extensive Monte Carlo simulations in this work provide evidence that FX rates may incorporate information about future fundamentals. It was shown that under some assumptions the inability to forecast exchange rates is a natural implication of the models, which suggests that innovations in the FX rates ought to be highly correlated with news about future fundamentals. This relationship was also reported in the study of Andersen et al. (2003) , who found strong evidence of exchange rate reaction to news in intraday data and in a direction consistent with standard models. The analytical results of Engel and West (2005) have been corroborated, in that if discount factors are large (and fundamentals are ( )
then it may not be surprising that present-value models cannot out-perform in terms of forecastability the random walk model of exchange rates.
Yet, a conclusive support for the link between fundamentals and the exchange rate in the direction that exchange rates can help forecast the fundamentals was not found, as in Engel and West (2005) . Whilst in some cases and under certain vector autoregressive modelling there was evidence of this directional predictability, a generic result cannot be drawn. It might be that exchange rates and fundamentals are linked in a way that is broadly consistent with asset pricing models of the exchange rate, but no evidence was found of a prevailing direction in the examined causalities, i.e., that either exchange rates help to predict fundamentals, or the ability of fundamentals to predict exchange rates is stronger. Specifically, the empirical findings in this study do not fully accord with the results of Engel and West (2005) on the weak causality from exchange rates to fundamentals. Indeed there are several caveats. First, while the results from simulations are consistent with the implications of the present-value models -that exchange rates should be useful in forecasting future economic variables -there might be other possible explanations for the discrepancy in the empirical findings. It may be, for example, that currencies might Granger-cause money supplies because monetary policy makers react to the exchange rate in setting the money supply. Thus, the present-value models are not the only models that imply
Granger causality from exchange rates to other economic variables. In general the results from simulations provided evidence on the correlation of exchange rate changes with the change in the expected discounted fundamentals, as well as that the Granger causality results are generated by the present-value models.
Moreover, the empirical results are not uniformly strong and overall the evidence is inconclusive that there exists a prevailing direction in the examined causalities. Additionally, linear and nonlinear links differ significantly and multivariate GARCH filtering purged most of the nonlinear interdependencies. This indicates that the nonlinear causality is largely due to simple volatility effects. Some remaining nonlinear causalities imply that FX rates may exhibit statistically significant higher-order moments or other multivariate GARCH models could capture the transmission mechanism of the volatility shocks more efficiently. As opposed to Engel and West (2005) cointegration was detected between exchange rates and fundamentals. In accordance with the exchange rate literature, there was not much evidence that the exchange rate is explained only by the "observable" fundamentals. However, observables do not obviously dominate exchange rate changes and it is perhaps unrealistic to believe that only observable fundamentals affect currency rates.
Finally, the results of this study may also help explain the near-random walk behaviour and the causality structure of other asset prices and their markets (equities, bonds etc.)
Theoretically, asset prices follow random walks only under very special circumstances. An empirical investigation of the causal behaviour of a variety of asset prices could be an interesting line of future research. , as in rows 1-9, then in the limit, as 1 b → , each of these correlations approaches zero. The setup of the simulations is the following: t x =1500 observations are produced with j =5000 forward steps to the future. Thus in total a path of 6500 observations is generated. Next, the first burn-out 500 points are discarded. Therefore the examined processes for t x (fundamental), t s (currency) and t z (another currency series) include 1000 observations. Then correlations are computed, the paths are replicated 2000 times and the mean, median and mode of the correlations are estimated. , as in rows 1-9, then in the limit, as 1 b → , each of these correlations approaches zero. The setup of the simulations is the following: t x =1500 observations are produced with j =5000 forward steps to the future. Thus in total a path of 6500 observations is generated. Next, the first burn-out 500 points are discarded. Therefore the examined processes for t x (fundamental), t s (currency) and t z (another currency series) include 1000 observations. Then correlations are computed, the paths are replicated 2000 times and the mean, median and mode of the correlations are estimated. Granger causality (GC) is investigated via a VAR or VECM representation depending on the whether the Johansen trace statistic rejects the null of no cointegration (CI) or not for each pair of the examined simulated paths. The numbers presented for GC are the percentages of the Granger-caused series detected. Next, the GARCH-BEKK is applied for second-moment filtering. . Also, the mode, mean and median is reported. 4/1986 4/ -7/2008 4/ . EURO period (levels): 1/1999 4/ -7/2008 Panel A: Linear Granger Causality
Correlation of Δst with
All data (levels) were investigated with a VECM specification and the null of no cointegration was not rejected for all except DM: Δs-Δ(p-p*) 
, AUD: Δs-Δ(i-i*), JPY: Δs-Δ(i-i*), EUR: Δs-Δ(i-i*).
The lag lengths of VECM/VAR specification are investigated and set using the SIC and Wald exclusion criterion and the cointegrating vectors using the Johansen trace statistic. The number of lags identified and the cointegrating vectors are presented in parenthesis as (lags, coint. vectors) . VAR(1,0) is identified except VAR(2,0) in GBP: Δs-Δ(m-m*), GBP: Δs-Δ(m-m*), DM: Δs-(i-i*) . VECM (2,1) is identified in all cointegrated pairs except AUD: Δs-Δ(i-i*) , which is VECM(1,1). For testing reasons Linear Granger causality was further investigated in the VAR/VECM or GARCH residuals, but not detected. 
Panel A: Linear Granger Causality
The 5x5 system of the data (levels) for each FX was investigated with a VECM specification and the null of no cointegration was rejected for all except EUR. The lag lengths of VECM/VAR specification are investigated and set using the SIC and Wald exclusion criterion and the cointegrating vectors using the Johansen trace statistic. 
The 4x4 system of the data (levels) for each FX was investigated with a VECM specification and the null of no cointegration was rejected for all except GBP, JPY, AUD and CAD. The lag lengths of VECM/VAR specification are investigated and set using the SIC and Wald exclusion criterion and the cointegrating vectors using the Johansen trace statistic. 
The 4x4 system of the data (levels) for each FX was investigated with a VECM specification and the null of no cointegration was rejected for all except AUD and EUR. The lag lengths of VECM/VAR specification are investigated and set using the SIC and Wald exclusion criterion and the cointegrating vectors using the Johansen trace statistic. 
The 4x4 system of the data (levels) for each FX was investigated with a VECM specification and the null of no cointegration was rejected for all. The lag lengths of VAR specification are investigated and set using the SIC and Wald exclusion criterion. The number of lags identified and the cointegrating vectors are presented in parenthesis as (lags, coint. vectors): GBP(1, 0) , JPY(1, 0) , CHF(1, 0) , AUD(1, 0) , CAD(1, 0) , DM(1, 0) , EUR(2, 0) . For testing reasons Linear Granger causality was further investigated in the VAR or GARCH residuals, but not detected.
